Purpose Despite studies focused on the association between embryo morphology and implantation potential, it is unknown how the collective quality of the supernumerary embryos in a cohort is associated with the implantation rate (IR) of the transferred embryo. This study tested the hypothesis that a relationship exists between the quality of the supernumerary cohort and IR. Methods A retrospective cohort study of first fresh autologous IVF cycles from 05/2012 to 09/2016, with ≥ 3 blastocysts, resulting in a single blastocyst transfer (n = 819) was performed. Cohorts were grouped in two ways: by mean priority score (PS; 1 being best) of supernumerary embryos and by percent supernumerary embryos with low implantation potential. The relationship between cohort quality and IR was assessed using logistic regression. Results As mean cohort PS increased, IR of the transferred embryo decreased (test for linear trend, p = 0.05). When ≥ 75% of the supernumerary cohort was predicted to have low implantation potential, IR of the transferred embryo was significantly lower compared to when < 75% of the cohort was predicted to have low implantation potential (OR 0.71; 95% CI (0.53-0.94)). All associations were attenuated when adjusting for PS of the transferred embryo. Conclusions Our findings suggest that quality of supernumerary embryos is associated with IR of the transferred embryo, among patients with ≥ 3 blastocysts available on day 5. As cohort quality declines and the proportion of low implantation potential embryos increases, the IR of the transferred embryo declines. These associations are attenuated when controlling for quality of the transferred embryo, suggesting that the relationship between embryo cohort quality and implantation is not independent of the transferred embryo quality.
Introduction
Practitioners have sought to improve the success of in vitro fertilization (IVF) since inception of the technology. While the transfer of multiple embryos generally increases the likelihood of success, it also increases the rate of multifetal gestations, and subsequently obstetric complications [1] . The optimal number of embryos to transfer continues to be one of the major challenges in the field.
Morphological criteria for identifying embryos with high implantation potential have evolved from evaluating cleavage stage embryos for cell number [2] , blastomere symmetry, and fragmentation [3] to assessment of blastocyst stage and quality of the inner cell mass and trophectoderm [4, 5] . Validated scoring systems for both cleavage [6] [7] [8] and blastocyst [9, 10] stage embryos have been developed. Evaluation of embryo grade and morphology help to determine not only which embryos have the highest potential for implantation [11, 12] and live birth rate [13, 14] , but also might influence the number of embryos to transfer [15] or the optimal day for embryo transfer [16] .
In addition to established relationships between the quality of a transferred embryo and its potential to implant, previous research has suggested that implantation rates may also be positively correlated with the presence of un-transferred or supernumerary embryos with high implantation potential [17] [18] [19] [20] . However, these earlier studies focused only on supernumerary embryos assessed as high quality; it is unknown how lower quality supernumerary embryos may be associated with implantation potential of the transferred embryo.
The objective of the present study was to determine whether the quality of supernumerary embryos in a cohort is associated with the implantation potential of the transferred embryo and to determine whether the quality of all supernumerary embryos within an embryo cohort should be taken into consideration when advising physicians and patients on the number of embryos to transfer.
Methods

Institutional review board approval
This study was approved by the Partners Human Research Committee at the Brigham and Women's Hospital (Protocol #2016P002232). Given the retrospective nature of this study and that all data were retrieved from standard records collected during clinical care, informed consent was not required.
Study population and design
This was a retrospective cohort study of women undergoing their first fresh autologous IVF cycle, with or without ICSI, resulting in a day 5 blastocyst transfer between 06/01/2012 and 10/31/2016 at the Brigham and Women's Hospital. Data were collected from our prospectively maintained departmental database and the hospital electronic medical record system. Women having a single blastocyst transfer were included in the primary analysis while those who had a double blastocyst transfer were included for a sensitivity analysis. Exclusion criteria included patient age ≥ 43.0 years, use of preimplantation genetic testing, gestational carriers, donor oocytes, a mixed source of fresh and cryopreserved blastocysts transferred, or cohorts having < 3 blastocysts available on day 5.
Study definitions
A cohort was defined as all day 5 embryos from one cycle, regardless of developmental stage. Supernumerary embryos were defined as all the un-transferred embryos within a cohort.
Clinical protocols
Stimulation protocols utilized gonadotropin-releasing hormone (GnRH) antagonists, GnRH agonists for downregulation, estradiol priming, or low-dose GnRH agonist flare protocols [21] [22] [23] [24] . Following retrieval, oocytes were either inseminated in groups (3-5 oocytes) or underwent intracytoplasmic sperm injection (ICSI). A fertilization check was then performed at 16-18 h and zygotes with 2 pronuclei (2pn) were cultured individually in 25 μl droplets overlain with mineral oil. All embryos were evaluated and scored on day 5 for stage (arrested, early or late morula or blastocyst with extent of expansion) and quality of the inner cell mass, and the trophectoderm.
Selection of patients to day 5 transfer and number of embryos transferred was determined according to internal protocols and patient history. Luteal support was generally provided with vaginal progesterone gel (one applicator daily), beginning 2 days after oocyte retrieval and continued up to 10 weeks of gestation. Patients who received a combination trigger with Lupron and hCG additionally received luteal support with 3 mg estradiol orally (twice daily), beginning 1 day after oocyte retrieval and discontinued once there was a positive pregnancy test. Approximately 2 weeks after embryo transfer, patients had serum human chorionic gonadotropin (hCG) levels checked at 2-day intervals. If the serial hCG rise was > 66% over 2 days, an obstetric ultrasound was obtained at 7-8 weeks of gestational age. If at any point the hCG rise over 2 days was below 66%, an early ultrasound was obtained at approximately 5 weeks of gestational age, with further monitoring and management, as dictated by clinical findings.
Clinical outcome
For each cycle, successful implantation was defined as the number of fetal hearts recorded on ultrasound between 7 and 8 weeks of gestation divided by the number of embryos transferred.
Assignment of priority scores
At our institution, each embryo is assigned a priority score (PS) to help determine which embryo(s) to preferentially select for transfer. The PS system is categorical, ranging from 1 to 8. The system was developed based on a dataset of historical implantation rates at our institution and was retrospectively validated on a second dataset of implantation rates at our institution. For each PS, the implantation rates from the validation dataset were within 5% of the implantation rates derived from the original dataset. A PS of 1 was given to embryos deemed to have the highest implantation potential and an 8 was given to embryos with the lowest implantation potential. The PS was derived from the stage (1-9) and grades of the inner cell mass (A-D) and trophectoderm (a-d). For example, an 8Ab embryo would be assigned a PS of 1, based on the historical implantation rate of 65.8% for embryos of this quality at our institution. Priority scores within a cohort are not mutually exclusive, and multiple embryos within the same cohort could be given the same PS. During the study period, a total of 9 embryologists graded embryos in our laboratory. All embryologists participated in twice yearly external quality control assessments and intermittent internal quality control evaluations.
The mean PS of the supernumerary embryos was calculated for each cohort. Cohorts were then categorized into four groups based on their mean PS: Group A (1.0-4.9), group B (5.0-5.9), group C (6.0-6.9), and group D (7.0-8.0) (group A being the Bbest^and group D being the Bworst^quality).
An individual embryo was considered to have low implantation potential if assigned a PS ≥ 5. This cut-off was chosen because embryos with PS of 5 have a relatively low implantation potential of < 40% and are considered to yield poorer prognoses. Accordingly, cohorts were separated into two groups: those having ≥ 75% of supernumerary embryos with low implantation potential and those with < 75% of supernumerary embryos with low implantation potential. A threshold of ≥ 75% was chosen as the cut-point to capture cohorts with all or the great majority of supernumerary embryos scored as having low implantation potential. The implantation rates of the transferred embryos originating from these two groups were then compared.
Statistical analyses
Embryo cohorts were grouped by the mean day 5 PS of the supernumerary embryos, as defined above. Logistic regression models were used to estimate the odds ratio (OR) with a 95% confidence interval (CI) of implantation in single blastocyst transfer cycles. Patient age, body mass index (BMI, kg/ m 2 ), AMH, day 3 FSH, and number of embryos within a cohort were included a priori in all analyses to calculate the adjusted odds ratios (aOR). A secondary adjustment for the day 5 PS of the transferred blastocyst was performed (aOR 2 ). A test for linear trend was performed for the mean day 5 PS analysis (Table 1) . A sensitivity analysis was performed grouping embryo cohorts by the percentage of embryos with PS ≥ 5 (i.e., those with low implantation potential, as defined above). Additional sensitivity analyses were then performed among women who underwent double blastocyst transfers. The day 5 PS of the transferred embryo was tested for effect modification to determine whether the relationship between embryo cohort quality and implantation differed by different values of the PS of the transferred embryo. Statistical analyses were performed using Statistical Analysis Software version 9.3 (SAS Institute, Inc.).
Results
There were 819 fresh day 5 single embryo transfers and 179 fresh day 5 double embryo transfers analyzed in this study. Demographic characteristics for patients in the study group are shown in Table 1 . Women had a mean age of 33.7 ± 3.4 years and a mean BMI of 25.9 ± 6.4 kg/m 2 . The mean number of embryos frozen was 5.1 ± 3.3.
Implantation rates for fresh day 5 single blastocyst transfers classified by the mean day 5 PS of the supernumerary embryos in the cohort are shown in Table 2 . The implantation rate for group A was 54%. Group D was the only group with a statistically significantly decreased implantation rate when compared directly to group A (37.4%, aOR 0.56 (95% CI 0.33-0.95)). However, there was a statistically significant linear trend of decreasing implantation rate across groups as mean quality of the supernumerary embryos decreased (group B 44.8%, aOR 0.72 (95% CI 0.43-1.21); group C 44.4%, aOR 0.73 (95% CI 0.45-1.19); group D 37.4%, aOR 0.56 (95% CI 0.33-0.95); test for linear trend, p = 0.05). A secondary adjustment for the day 5 PS of the transferred embryo attenuated the effect of declining implantation rates with decreasing mean day 5 quality of the cohort (group B Table 3 shows the sensitivity analysis for the association between the proportion of supernumerary embryos having low implantation potential (PS ≥ 5) and implantation rate of a single day 5 transferred embryo. Among cohorts with < 75% of supernumerary embryos having a day 5 PS ≥ 5 (n = 322), the implantation rate was 49.7%. In cohorts having ≥ 75% of supernumerary embryos with a day 5 PS ≥ 5 (n = 497), the implantation rate was 40.0% (aOR 0.71 (95% CI 0.53-0.94)). Adjustment for the PS of the transferred embryo attenuated the observed decrease in implantation rate in those cohorts with ≥ 75% of supernumerary embryos with a day 5 PS ≥ 5 (aOR 2 0.95 (95% CI 0.70-1.31)). A sensitivity analysis of fresh day 5 double embryo transfers showed a similar pattern of association, but did not identify a statistically significant association between the mean day 5 PS of the supernumerary embryos and the implantation rate of the transferred embryos.
Discussion
The primary aim of this study was to identify how the collective quality of supernumerary embryos in a cohort may be associated with the implantation potential of the transferred embryo. We found that the quality of the supernumerary embryos does, indeed, influence the rate of implantation of the transferred blastocyst. Additionally, as the average quality of the supernumerary embryos declines, the implantation rate of the transferred blastocyst also declines. However, these relationships between quality of the cohort and implantation are not independent of the quality of the transferred embryo as these associations were attenuated after controlling for this variable.
Despite the increasing use of time-lapse imaging [25, 26] and preimplantation genetic testing for aneuploidy [27, 28] , conventional morphological assessment continues to be used either in conjunction with these approaches or as a first-line method for embryo selection. However, the sensitivity and specificity of morphological evaluations for predicting implantation, whether at the cleavage or the blastocyst stage, have limitations [29] [30] [31] . Therefore, while morphological grading is helpful when determining which embryo to transfer and the optimal number of embryos to transfer, not all embryos with even the highest possible score successfully implant [10] . The cause of unsuccessful embryo transfer is certainly multifactorial, and the identification of external influences on implantation is necessary in order to improve embryo selection and transfer techniques.
To the best of our knowledge, this is the first study to summarize the quality of every embryo within a cohort and PS, priority score; OR, odds ratio; CI, confidence interval; Ref, referent *Embryos with a priority score of ≥ 5 were defined as having low implantation potential † Implantation rate for each group was defined as the number of single embryo transfers with fetal cardiac activity recorded on ultrasound between 7 and 8 weeks of gestation divided by the total number of single embryo transfers ‡ Adjusted a priori for number of embryos within the cohort, patient age at retrieval, BMI, AMH, and day 3 FSH § Secondary adjustment for the priority score of the transferred embryo the relationship between the collective quality and implantation potential of the transferred embryo. Previous literature evaluating supernumerary embryos has focused only on high-quality embryos [17] [18] [19] [20] . It is known that the presence of high-quality supernumerary embryos increases the rate of implantation and that a direct correlation may exist as the number of high-quality embryos available increases [17] [18] [19] [20] . As such, this information can be useful in determining the optimal number of embryos to transfer. However, whether the implantation potential of a transferred embryo is associated with the quality of the entire embryo cohort from which it came was previously unknown. The observed linear decline of implantation rate associated with the decline of overall mean embryo quality in a cohort is consistent with prior studies which observed that implantation potential may be influenced by supernumerary embryo quality [17] [18] [19] [20] . This effect of the total cohort, however, was mitigated by accounting for the PS of the highest quality embryo, the one that was transferred. Similarly, a higher proportion of embryos with low implantation potential within a cohort was observed to result in a lower implantation rate of the transferred embryo. This association was similarly mitigated by accounting for the PS of the highest quality embryo for transfer. This suggests that although the implantation rate of embryos may be impacted by the overall quality of their cohort, this effect can be overcome by selecting the highest quality embryo for transfer.
In our analyses of double embryo transfers, we failed to identify any association between supernumerary embryo quality and implantation rates. This may be due, in part, to the difficulty in accounting for the variability between the qualities of the two embryos transferred.
We acknowledge the limitations of our study. Our study only included patients with a single or double embryo transfer, and therefore, our results may not be generalizable to IVF populations undergoing transfer of three or more embryos. Additionally, our cohort only included patients with ≥ 3 blastocysts on day 5. Patients with < 3 blastocysts, who may have a worse prognosis, were excluded because they were less likely to have any supernumerary blastocysts after embryo transfer. The results of our study should not be applied to this population. Furthermore, we assumed that the average score (cohort groups A-D) and the proportion of low implantation potential embryos (< 75% and ≥ 75%) to be reasonable proxies of overall supernumerary embryo cohort quality, though it is possible that these calculations were unable to fully capture and report the complex interactions among embryos within a cohort.
In summary, this study demonstrates that the quality of supernumerary embryos influences the implantation rate of the transferred embryo among cohorts with ≥ 3 blastocysts available on day 5. This suggests that the overall quality of the supernumerary embryos may be used to help predict the implantation potential of a selected embryo for transfer. These findings highlight the interaction of external influences on embryo implantation and are consistent with the fact that current morphologic evaluation methods of embryo quality do not reflect all characteristics of an embryo that promote successful implantation. Importantly, the association between supernumerary embryo quality and implantation is attenuated when controlling for the quality of the transferred blastocyst, suggesting that this relationship is not independent of the quality of the transferred embryo. Therefore, we recommend against allowing the quality of the entire cohort to influence the optimal number of embryos to select for transfer. However, further investigation is warranted to explore these intricate relationships.
